A combination of spectroscopies and density functional theory calculations indicate that there are large temperature-dependent absorption spectral changes present in green nitrite reductases (NiRs) due to a thermodynamic equilibrium between a green and a blue type 1 (T1) copper site. The axial methionine (Met) ligand is unconstrained in the oxidized NiRs, which results in an enthalpically favored (⌬H Ϸ4.6 kcal/mol) Met-bound green copper site at low temperatures, and an entropically favored (T⌬S Ϸ4.5 kcal/mol, at room temperature) Met-elongated blue copper site at elevated temperatures. In contrast to the NiRs, the classic blue copper sites in plastocyanin and azurin show no temperature-dependent behavior, indicating that a single species is present at all temperatures. For these blue copper proteins, the polypeptide matrix opposes the gain in entropy that would be associated with the loss of the weak axial Met ligand at physiological temperatures by constraining its coordination to copper. The potential energy surfaces of Met binding indicate that it stabilizes the oxidized state more than the reduced state. This provides a mechanism to tune down the reduction potential of blue copper sites by >200 mV.
B
lue copper (also called type 1, T1 copper) (1) active sites are found in a variety of proteins including plastocyanins and azurins that undergo rapid electron transfer (ET) (2) (3) (4) (5) . The first crystal structures were available for plastocyanin from poplar leaves, which showed an unusual active-site geometry that was a distorted tetrahedron with a short Cu-S(Cys) bond at 2.1 Å, a long Cu-S(Met) bond at 2.8-2.9 Å, and two Cu-N(His) bonds at Ϸ2.0 Å (6) (7) (8) . Normally, Cu 2ϩ complexes are square planar because of the Jahn-Teller effect (9) , and it was thought that the protein constrained the copper site structure to be in between that of Cu ϩ (tetrahedral) and Cu 2ϩ (square planar) to facilitate ET. This concept of the protein constraint on the copper site was referred to as an entatic or rack-induced state (10) (11) (12) . Associated with this unusual active-site structure were novel spectral features relative to normal tetrahedral Cu 2ϩ complexes (1, (13) (14) (15) . In particular, the blue copper site exhibited an intense lower-energy thiolate to Cu charge transfer (CT) transition (and a weak higher-energy CT transition) reflecting a bonding interaction of the thiolate with the Cu 2ϩ of the blue copper center ( ground state, Scheme 1A) (16, 17) . Normal tetragonal cupric complexes have ligand-metal bonds that result in an intense higher-energy and a weak lower-energy ligand to metal CT transition ( ground state, Scheme 1B) (5) . However, the idea of protein constraint on the oxidized site was questioned both in calculations and spectroscopic studies. Total energy calculations were used to argue that the blue copper ligand set gives a structure similar to the protein site on geometry optimization (18) . Photoemission spectroscopic studies on models (19) of the reduced site indicated that the geometric changes predicted based on the change in the electronic structure on oxidation were just those observed experimentally in crystal structure and extended x-ray absorption fine structure (EXAFS) data. In fact it was suggested that the long Cu ϩ -S(Met) bond present in the reduced site was a constraint of the protein. The bond is Ϸ2.9 Å in the crystal structure of the reduced site (20) rather than the expected distance of Ϸ2.3 Å (19, 21) . The long thioether bond reduces its donor interaction with the copper which is compensated by the thiolate leading to the short Cu-S(Cys) bond of 2.1 Å in the blue copper sites. This long thioether/short thiolate would eliminate all orbital degeneracy of the oxidized site; thus, there would be no Jahn-Teller distortion from the tetrahedral to a tetragonal structure.
The above ''coupled distortion'' model provided an explanation for a series of blue copper related proteins (i.e., same Cys, Met, 2His ligand set) which changed from blue to green in color in going from plastocyanin to nitrite reductase (NiR) (5, 22, 23) . In the latter protein the Cu-S(Met) bond has decreased to 2.45 Å, the Cu-S(Cys) bond has elongated to 2.21 Å, and the S-Cu-S plane has rotated relative to the N-Cu-N plane to a more tetragonal structure (24) . Associated with this distortion the thiolate now -bonds to the Cu 2ϩ and the CT spectrum exhibits a higher-energy intense CT (reflecting a ground state) and a lower-energy weaker CT transition (Scheme 1B), similar to normal tetragonal Cu 2ϩ complexes but inverted relative to the blue copper site in plastocyanin (22) .
In our past studies of the green copper site in NiR we observed a large temperature dependence of its absorption spectrum (22) . In a study on a loop mutant of Amicyanin, a more limited temperature dependence was observed and assigned to the Boltzmann population of two electronic minima (25) . In density functional theory (DFT) studies with a B3LYP hybrid functional, Ryde and coworkers predicated two minima, one similar to the blue copper site and a second similar to the green copper site at comparable energy (26) . However, this depends on the functional and amount of HartreeFock mixing (5) . Based on resonance Raman (rR) data on NiR, two species were suggested to be present (27) , but this was refuted by later rR data on the same enzyme (28) .
In this study we explore the temperature dependence of the green copper site in NiR by using absorption and rR spectroscopies combined with DFT calculations. These studies show that in contrast to the earlier proposal on the Amicyanin mutant, the temperature dependence in NiR reflects a thermodynamic equilibrium of two species driven by entropy. These studies demonstrate that the thioether-copper bond is unconstrained in NiR and allow us to experimentally determine the strength of this bond. Extension to and the contrast of these results to the behavior of the blue copper site in plastocyanin define the constraints imposed on the blue copper site by the protein and thus provide insight into the entatic/rack nature of the blue copper site and its contribution to ET function.
Results
Low-Temperature Spectroscopy. The low-temperature absorption spectrum of NiR (Fig. 1, green) is dominated by an intense band at Ϸ21,700 cm Ϫ1 (460 nm) from the T1 site that has been assigned as the S(Cys) 3 Cu charge transfer (CT) transition (22) . A weaker S(Cys) 3 Cu CT transition is also observed at Ϸ17,500 cm Ϫ1 (570 nm). This is followed by lower-energy ligand field transitions. There is also a S(Met) 3 Cu CT transition at 25,600 cm Ϫ1 (390 nm) (22) .
The rR spectrum of NiR excited at 458 nm (into the CT band) at 77 K is presented in Fig. 2A (bold green). It has 3 intense peaks at 364, 376, and 403 cm Ϫ1 as reported (29) . When NiR is excited at 568 nm (into the CT transition) at 77 K (Fig. 2B, bold green) , the same vibrations (364, 376, and 403 cm Ϫ1 ) are enhanced but with a different intensity ratio. This shows that the weak band at 570 nm in the absorption spectrum at low temperature originates from the same species as the 460-nm band, indicating that there is a single species present at 77 K in NiR. This is the green copper center previously defined by spectroscopy (22) and crystallography (24) (reported at 5 K and 100 K, respectively) for this enzyme. Note that the different relative intensities of the vibrations obtained with 568-nm excitation compared with those obtained by excitation into the 458-nm band reflect differences in the and CT excited state distortions (30) . The vibrations of the green copper species that are resonance enhanced reflect kinematic mixing of the Cu-S(Cys) vibration over several protein modes, with an effective frequency (intensity-weighted average at 568-nm excitation) (31) of the Cu-S(Cys) bond, i.e., ͗ Cu-S ͘ of Ϸ388 cm Ϫ1 . This is lower than the value for the blue copper sites in plastocyanin where ͗ Cu-S ͘ ϭ 403 cm Room Temperature Spectroscopy. The absorption spectrum at room temperature ( Fig. 1, blue) is vastly different from the lowtemperature spectrum. There is a significant redistribution of intensity with the band at Ϸ570 nm having gained intensity and red shifted to Ϸ600 nm, whereas the absorption band at Ϸ460 nm has lost Ϸ50% of its intensity.
As a large temperature dependence was observed in the absorption spectrum of NiR, rR data were also collected at 25°C. The rR spectrum of NiR, excited at 458 nm at room temperature, has the same features as those obtained at 77 K, but with much lower intensity (Fig. 3A, dotted green) , consistent with the loss of absorption intensity of the 460-nm band. However, when NiR is excited at 568 nm at 25°C, the spectrum changes significantly relative to the low-temperature rR spectrum (Fig. 2B, blue) . It now Resonance Raman spectrum of the pure blue component of NiR (blue spectrum, obtained by subtracting the spectrum of the green species at 77 K, 568 nm from the 25°C, 568-nm spectrum and renormalization) and of the M182T variant of NiR (red spectrum). (C) Resonance Raman profiles overlaid with the absorption spectra. The 364 cm Ϫ1 peak is associated with the green copper species, whereas the 420 cm Ϫ1 peak reflects the blue copper component of NiR.
shows an intense peak at 408 cm Ϫ1 with a shoulder at 420 cm Ϫ1 . There is also a broad weak feature at Ϸ375 cm Ϫ1 which lacks the 364 cm Ϫ1 feature of the low-temperature green copper site. The vibrational features enhanced by the 568-nm excitation at room temperature are different from those observed at low temperature, for green copper species with the same excitation line and indicate that a second species, in addition to the green copper species, has grown in at elevated temperature.
Subtraction of the low-temperature green copper spectrum (scaled down by 50%; see below) from the room temperature data and renormalization yields the spectrum of the pure hightemperature component (Fig. 2B Inset, blue) which has ͗ Cu-S ͘ of Ϸ407 cm Ϫ1 . This is significantly increased from the ͗ Cu-S ͘ Ϸ388 cm Ϫ1 for the green copper species, indicating that the species that grows in at elevated temperatures has a stronger Cu-S(Cys) bond. A mutant of NiR has been reported where the axial Met ligand has been replaced by a threonine residue (M182T) (29, 32) . This mutation results in a blue T1 copper site with ͗ Cu-S ͘ of Ϸ408 cm Ϫ1 . The rR spectrum of the high-temperature species (Fig. 2B Inset, bold blue) is essentially the same as that of the mutant. Note that the rR profile (Fig. 2C ) of the 364-cm Ϫ1 mode (associated with only the green copper component) indicates that it is strongly enhanced by the 460 nm CT band and only weakly enhanced by the 600-nm CT band. This profiles well with the low-temperature absorption spectrum of the green species, which has an intense CT band at 460 nm and a weak CT band at 570 nm. It decreases in intensity with increasing temperature reflecting the decrease in the amount of green site present. The profile for the 420-cm Ϫ1 mode, characteristic of the high-temperature species, shows that it is strongly enhanced by the 600-nm CT band and not by the 460-nm CT band. The very different Raman profile of the 420-cm Ϫ1 vibration indicates that it must originate from a second blue copper component of the T1 site in NiR.
The high ͗Cu-S͘ vibration frequency and the intense CT transition for the room temperature species show that it is a blue copper site as in plastocyanin that has a relatively strong Cu-S(Cys) bond reflecting a relatively weak Cu-S(Met) bond. The ͗ Cu-S ͘ of Ϸ407 cm Ϫ1 for the blue species in NiR is higher than that of plastocyanin, which has axial Cu-S(Met) Ϸ2.8 Å (͗ Cu-S ͘ of Ϸ403 cm Ϫ1 ) but lower than that of fungal laccases (͗ Cu-S ͘ of Ϸ413 cm Ϫ1 ) that has no axial ligand (5) . From the coupled distortion model (5, 22, 23) there is a direct correlation between the observed ͗ Cu-S ͘ associated with the Cu-S(Cys) bond and the Cu-S(Met) bond length. The longer Met has a decreased donor interaction with the copper that is compensated by an increase in the Cu-S(Cys) bond. The ͗ Cu-S ͘ of the blue component of NiR indicates that its Cu-S(Met) bond length/strength is in-between that of plastocyanin and fungal laccases. Thus, the rR data clearly show the presence of two distinct chromophores (green and blue copper sites) at room temperature and only one chromophore (green copper) at low temperature.
Thermodynamics. A series of solution absorption spectra were collected over a wide range of temperatures (215-323 K; Fig. 4 A  and B) . The data show that the intensity of the 460-nm band decreases whereas the intensity of the 600-nm band increases with increasing temperature. This could indicate a Boltzmann population of a second local minimum having a different geometry of the T1 site (as has been proposed in ref. 25) or the presence of two T1 sites in NiR in a thermodynamic equilibrium where one site is enthalpically favored and the other is entropically favored.
Using the absorption spectrum of a pure green site (absorption spectrum at 7 K in Fig. 1, green) and the data for the M182T mutant of NiR as representative of a blue site (29) the relative amounts of the blue and the green species were obtained from the temperaturedependent absorption spectra of NiR (Fig. 3) . Note that at 55°C (328 K) there are 65% blue copper sites (which continues to increase with temperature) and 35% green sites demonstrating that there is a thermodynamic equilibrium and not a Boltzmann population of two levels, where for the latter a maximum of 50% population of the higher-energy level is possible. The relative populations of the blue and the green copper sites have been used to obtain the equilibrium constant, K eq , for the green to blue conversion at various temperatures (Eq. 1). A plot of the ln K eq vs. 1/T (Fig. 4) resulted in a ⌬H Ϸ 4.6 kcal/mol from the slope and ⌬S Ϸ 15 cal/molK (T⌬S ϭ 4.5 kcal/mol at 298 K) from the intercept, for the green to blue component conversion of NiR. Thus, the green species is enthalpically favored and the blue species is entropically favored. As a consequence, Ͻ215 K (i.e., T⌬S ϭ 3.2 kcal/mol), only the green species is present and contributes to the absorption and resonance Raman spectra as K eq is dominated by the ⌬H term. The fraction of the blue form increases with temperature and at room temperature (298 K) the K eq between these two forms is close to unity, i.e., ⌬G ϭ 0. These observed ⌬H and ⌬S for the blue/green T1 copper site equilibrium are analyzed by using DFT calculations in the analysis section. Green L | ;
Analysis Oxidized Site. The variable temperature spectroscopic data indicate that there are two forms of oxidized T1 sites of NiR that are in a thermodynamic equilibrium. They differ in Cu-S(Cys) bond strength based on the rR data. One has a dominant S(Cys) 3 Cu CT and a relatively weak Cu-S(Cys) bond (͗ Cu-S(Cys) ͘ ϭ Ϸ388 cm Ϫ1 ) reflecting a short Cu-S(Met) bond consistent with the structure of the green copper center reported in the lowtemperature crystal structure (33) . The Cu-S(Cys) bond of the second species, which appears at higher temperature and has a dominant S(Cys) 3 Cu CT transition, is stronger (͗ Cu-S(Cys) ͘ ϭ Ϸ413 cm Ϫ1 ) than that of the green copper site. In fact, it is even slightly stronger than that of the blue copper site in plastocyanin [which has a Cu-S(Met) distance of 2.8 Å] (8), but weaker than that of the blue copper sites in Fet3p and fungal laccases that have no axial ligand (34) (35) (36) . This indicates that the blue component in NiR has a very weak Cu-S(Met) bond. Note that the crystal structure of a NiR with atomic resolution (PDB ID code 1OE1) (37) (blue absorption at room temperature, crystal structure at 100 K) reveals that the thioether has two conformations: one with a Cu-S(Met) distance of 2.45 Å (major) and a second with 4.26 Å (minor). The thermodynamic parameters obtained in Results indicate that the green species of NiR is enthalpically favored, whereas the blue species of NiR is entropically favored. DFT calculations are used here to evaluate the bond strength of this axial thioether ligand, and its contribution to the enthalpy and entropy of the oxidized T1 copper site.
The geometry optimized structure with no constraints (Fig. 5A  green) reproduced the crystal structure [PDB ID code 1ZV2 (33) at 100 K; Fig. 5 red] of the green copper site of Rs NiR (the deviations of the calculated bond distances and angles are within 0.04Å and 5°, repectively). It has a flattened tetrahedral (toward square planar) structure with a Cu-S(Cys) distance of 2.18 Å and a Cu-S(thioether) distance of 2.41 Å (Fig. 5A green) . On elimination of the thioether ligand, the reoptimized Cu-S(Cys) bond length decreases by 0.05 Å. The copper is now in a trigonal ligand field, and has a structure in reasonable agreement (within 0.04 Å and 3°) with the copper sites found in the fungal laccases and Fet3p. These two structures can be considered to be the limits of the coupled distortion coordinate [i.e., unconstrained relatively strong Cu-S(Met) bond and no Cu-S(Met) bond, respectively].
The calculated total electronic energy for Cu-S(thioether) bond dissociation for the green copper site is 6.8 kcal/mol. On loss of the thioether (Eq. 2), the enthalpy change is 5.4 kcal/mol (Table 1 , top row, in parentheses, where solvent effects were included) and the entropy gain is 39 cal/(mol⅐K) (T⌬S ϭ 11.7 kcal/mol at 298 K; Table  1 , top row). The calculated enthalpy change is consistent with the experimental results (⌬H exp ϭ 4.6 kcal/mol). However, the calculated entropy gain is larger than experimentally observed (T⌬S ϭ 4.5 kcal/mol at 298 K). This reflects the fact that in the NiR protein the thioether still remains near the active site as it is covalently linked into the polypeptide chain. This is consistent with the lower ͗ Cu-S(thiolate) ͘ for the blue component of NiR relative to the fungal laccases (no axial ligand) reflecting the presence of a very weak Cu-S(Met) bond. bottom row); note that this calculation does not include solvation] which reflects the gain of rotational and translational freedom. This is approximately half the calculated entropy change of 39 cal/ (mol⅐K) (T⌬S ϭ 11.7 kcal/mol at 298 K; Table 1 , first row) for Met loss from the green species. In going from the green species to the 4.0-Å component, the calculated entropy change is 5.7 kcal/mol (i.e., the difference between the above two entropy terms). This is now consistent with the experimentally determined entropic contribution for the green to blue conversion in NiR (T⌬S exp ϭ 4.5 kcal/mol), which favors the blue species at elevated temperature. As shown in supporting information (SI) We now consider the blue copper site in plastocyanin with the Cu-S(Met) constrained at 2.8 Å. The optimized structure reproduces the classic blue copper site in plastocyanin, with the copper in a trigonal ligand field and a short copper thiolate bond (d Cu-S(Cys) ϭ 2.15 Å). The calculated enthalpy and entropy changes for the Met loss for the plastocyanin blue copper site are essentially the same as for the green species (Table 1 , first and second row), where plastocyanin is enthalpically destabilized by Ϸ1 kcal/mol. Importantly, if plastocyanin were unconstrained one would expect a similar behavior to that of NiR with loss of the axial ligand due to increased entropy at elevated temperature. However, experimentally, the oxidized blue copper sites in plastocyanins and related proteins show no temperature-dependent absorption behavior. This reflects constraints by the protein environment on the plastocyanin active site, referred to as the entatic/rack state (see below).
Reduced Site. Full optimization of the reduced model of the green copper site gave a tetrahedral ligand field with a Cu-S(thioether) distance of 2.5 Å (Fig. 5B green) , similar to the crystal structure of the reduced NiR at 100 K (33) (Fig. 5B red) . Removal of the thioether ligand and reoptimization gives a geometry very similar to that of the reduced T1 site in Fet3p, with the copper ion in the N(His)-N(His)-S(Cys) plane. Elongation of the thioether bond results in a very small energy change (⌬E Ϸ 1 kcal/mol; Fig. 6 , dashed line). This leads to a very small enthalpy change ((⌬H Ϸ 1 kcal/mol) associated with the loss of an axial Met bond. However, the entropy change for this process is similar to that of the oxidized copper site (T⌬S ϭ 10.9 kcal/mol at 298 K; Table 2 , first row). Further, in comparing the results for the fully optimized structure to those for the constrained d Cu-S(thiether) ϭ 4.0 Å structure, the entropy change is Ϸ4.5 kcal/mol at 298 K [T⌬S ϭ 10.9 kcal/mol (Table 2, top row) and 6.4 kcal/mol (Table 2, bottom row); note these calculations do not include solvation], indicating a similar entropy change in going from a green to a blue site in the reduced NiR as determined above for the oxidized site. Thus, for the reduced site the entropy term should be dominant and the Met ligand should not be bound to the copper at room temperature. A low ⌬H and large T⌬S is also calculated for loss of a Met ligand for the reduced blue copper site in plastocyanin [ Table 2 , second row: the values for the plastocyanin site (2.9 Å) to convert to a 4-Å Cu-S(Met) distance (as in NiR) are ⌬H ϭ 0.6 kcal/mol, T⌬S ϭ 3.7 kcal/mol]. The fact that this does not occur based on the room temperature crystal structure (20, 38) again reflects a protein constraint on the reduced copper site in plastocyanin.
Discussion
The oxidized green copper site of NiR at low temperature is tetragonally distorted with a strong predominantly bonding interaction of the thiolate ligand with the copper. Temperaturedependent rR and absorption data indicate that the thioether ligand in NiR partially dissociates at higher temperatures resulting in a trigonal blue copper site, which has a strong bonding interaction of the thiolate ligand with the copper. Experimentally the Cu 2ϩ -thioether bond strength in NiR has been determined here to be 4.6 kcal/mol, and at room temperature the gain in entropy (T⌬S ϭ 4.6 kcal/mol) on thioether dissociation approximately equals the enthalpy change due to loss of this ligand which results in the formation of a Ϸ1:1 mixture of green and blue copper species. This indicates that the T1 site in NiRs is unconstrained, allowing the association and dissociation of the Met ligand at low and high temperatures, respectively. The relatively unconstrained nature of the T1 site of NiR may reflect the long Cys-X n -His loop, which would allow flexibility and limit intraloop H-bonding. DFT calculations reproduce the experimentally observed ⌬H and ⌬S of this process. Further, in the reduced state, calculations indicate that the axial Met-Cu bond is very weak with a ⌬H of Ϸ1 kcal/mol for dissociation. However, the T⌬S is comparable to that of the oxidized site (Ϸ4.6 kcal/mol observed experimentally, at room temperature) and hence is the dominant contributor to ⌬G at room temperature for the reduced site. Thus, whereas the oxidized form exists as a 1:1 mixture of blue and green species, the reduced T1 site in NiR likely exists as one species with no thioether-Cu bonding interaction at room temperature.
It is important to emphasize that our model for the large temperature dependence in NiR is conceptually different from that invoked previously to explain the more limited temperature dependence of absorption data in a loop mutation of Amicyanin (25) . It had been proposed that there is a low-lying second electronic minimum of the T1 site that becomes Boltzmann populated with increasing temperature. However, this only allows for the maximum of a 1:1 population of the two species at high temperatures. Alternatively, our experimental results show that at elevated temperatures (55°C, 328 K) the population of the blue site is 65 Ϯ 5%, indicating that there is in fact a thermodynamic equilibrium between the two species.
Classic blue copper sites like plastocyanin have elongated Met-Cu bonds at Ϸ2.8 Å and do not show the large temperaturedependent behavior observed for NiR. These results show that, in contrast to the green/blue equilibrium of sites in NiR, the thioether is constrained in plastocyanin. Importantly, in plastocyanins the Met ligand stays bound at room temperature in both oxidation states. Having a constrained thioether ligand has been referred to as an entatic (11) or rack state (10) for these classic blue copper sites. From the crystal structures (7, 20) and spectroscopies (19) the thioether is bound to the copper at similar distances in both oxidation states. Thus, the protein opposes the entropy effect of loss of a relatively weak Met ligand. From Fig. 6 and Tables 1 and 2 , the Met has a stronger bonding interaction with the oxidized than the reduced site. This can lead to a Ͼ200 mV lowering of the reduction potential in these classic blue copper sites relative to sites without the axial methionine ligand. Indeed the fungal laccases and Fet3p have reduction potentials that range from 470 to 770 mV, higher than those of plastocyanin (370 mV) and azurin (310 mV). The green T1 copper sites in NiRs have a dominant ground state at low temperature and at elevated temperatures a blue T1 copper site is also present with a dominant ground state (Scheme 1). This is in contrast with other ''perturbed'' T1 copper sites like Cucumber Basic Blue (CBB) and Pseudoazurin (PA) that have both and character (23) but no temperature-dependent behavior (30) . This implies that there is a single species at all temperatures and the thioether remains bound to the copper in these active sites, although at a shorter distance relative to plastocyanin, which leads to the mixed / character. Thus, these sites are also constrained and represent different points along the coupled distortion coordinate. This can play a role in fine tuning the reduction potential of these sites because these have different ⌬Es of the Cu-S(Met) bond (Fig. 6) .
In summary, the large temperature dependence observed in the absorption and rR spectra in green NiRs reflect an unconstrained T1 site where entropy favors the dissociation of the relatively weak axial Met ligand at higher temperature. The ⌬H and T⌬S of Met binding are comparable in the oxidized state (Ϸ4.5 kcal/mol), whereas, the ⌬H in the reduced state is much lower. For the blue copper sites in the plastocyanins and azurins, the protein overcomes the entropy increase associated with ligand loss. This stabilizes the oxidized more than the reduced site and can tune the reduction potential down by Ͼ200 mV.
Materials and Methods
Materials. All reagents were of the highest grade commercially available and used without further purification. Rhodobacter sphaeroides (Rs) NiR was isolated and purified (pH Ϸ 7.2) as reported (32, 39, 40) . Glassed samples for lowtemperature absorption experiments were prepared by adding 50% (vol/vol) buffer/glycerol-(O-d) 3 or buffer/ethylene glycol. Addition of glycerol/ethylene glycol had no effect on the EPR spectrum. The approximate concentration of samples used for spectroscopy was 0.5 mM in phosphate buffer, pH Ϸ 7.1. A temperature-independent buffer (41) was also used for the spectroscopic studies and exhibited identical results as those in phosphate buffer. Additionally we have studied the pH effect on Rs NiR and have observed that the T1 site is unperturbed with change in pH. For spectroscopic details see SI Text.
Computational Details. DFT calculations (spin unrestricted for Cu 2ϩ ) were performed by using Gaussian 03 (42) . Geometries were optimized by using a hybrid functional involving BP86 (43, 44) with 38% Hartree-Fock exchange, tight SCF convergence criteria (10 Ϫ8 au) and a mixed triple-zeta/double zeta (TZVP on Cu and S and 6 -31G* on the other atoms) basis set (45) . Wave function stability checks were performed to confirm that the calculations corresponded to the ground state. For the potential energy surfaces, single-point calculations using a polarized continuum method (PCM) (46) were applied to the geometry optimized vacuum structures. X-ray structure of plastocyanin or NiR [PDB ID codes 1PLC (7) and 1OE1 (47) , respectively] were used to obtain starting coordinates. Computational models are discussed in SI Text.
